The physiological phenotype of Aspergillus nidulans was investigated for different genetic and environmental conditions of glucose repression through the quantification of in vivo fluxes in the central carbon metabolism using 13 C-metabolic-flux analysis. The particular focus was the role of the carbon repressor CreA, which is the major regulatory protein mediating carbon repression in many fungal species, in the primary metabolism of A. nidulans. Batch cultivations were performed with a reference strain and a deletion mutant strain (creAD4) using [1-
INTRODUCTION
Aspergilli are a group of filamentous fungi that play an important role as cell factories for the production of organic acids, for example citric acid by Aspergillus niger (Kubicek & Röhr, 1986) , of enzymes, for example a-amylase by Aspergillus oryzae (Carlsen & Nielsen, 2001) , and of polyketides, for example statins by Aspergillus terreus (Manzoni & Rollini, 2002) . Besides their industrial importance, aspergilli can act as pathogens for humans and animals, being responsible for diseases that range from allergy-type illness to life-threatening generalized infections, most commonly caused by Aspergillus fumigatus and Aspergillus flavus, but also Aspergillus nidulans and others (http:// www.Aspergillus.man.ac.uk). The industrial and medical relevance of these filamentous fungi has provided the rationale for conducting large-scale genome research on particular species, and several genome-sequencing projects have been completed recently (A. fumigatus, A. niger, A. nidulans) or are nearing completion (A. flavus, A. oryzae, Aspergillus parasiticus, Aspergillus terreus) (GOLD, Genomes Online Database, http://www.genomesonline.org/). In fact, the information from whole genome sequences may increase the significance of these filamentous fungi in both fundamental and applied research, as genomic information opens the way for application of novel technologies like genome-wide transcription analysis and proteome analysis. In particular, it may lead to the mapping of the mechanisms underlying their pathogenicity, as well as assist in the design of metabolic engineering strategies to produce strains with improved properties (Nielsen, 2001) .
Aspergilli have larger genomes and more genes than the eukaryotic model organism Saccharomyces cerevisiae, which endow them with more extensive metabolic capabilities for sustaining their saprophytic way of life, in which they are constantly confronted with changing nutrient conditions. Carbon repression is a regulatory mechanism involved in the adaptation of these organisms to this lifestyle. The effect of this phenomenon is that the synthesis of enzymes and permeases participating in the catabolism of alternative carbon sources is repressed when a more favourable source (e.g. glucose) is present in the growth medium (Ruijter & Visser, 1997) . In spite of being an important mechanism for the survival of these organisms, carbon repression represents a major problem in large-scale production, where it is common to use complex sugar mixtures as substrate, since this mechanism prevents the co-consumption of substrates.
Carbon repression in aspergilli has been the focus of several studies, in particular for the model organism A. nidulans (for reviews see Arst & Bailey, 1977; Kelly & Hynes, 1982; Ruijter & Visser, 1997; Scazzocchio et al., 1995) . The major regulatory gene controlling carbon repression in A. nidulans, A. niger and A. oryzae is creA (Agger et al., 2002; Ruijter & Visser, 1997; Shroff et al., 1997) . The mechanism of repression by the CreA protein is understood in great detail, but little is known about the signal transduction pathway for carbon repression in aspergilli (Arst & Bailey, 1977; Felenbok et al., 2001; Ruijter & Visser, 1997; Scazzocchio et al., 1995) . CreA is a DNA-binding protein that has two zinc fingers, which bind to specific short sequences in the promoter of target systems, thereby preventing the transcription of target genes (Ruijter & Visser, 1997) . Studies aimed at investigating the physiological consequences of mutations in the creA gene have been undertaken by several research groups. It has been reported that the deletion of the creA gene has drastic effects on the morphology of A. nidulans under both carbon repressing and derepressing conditions (Dowzer & Kelly, 1991; Shroff et al., 1997) . Furthermore, a creA-mutant strain and a reference strain of A. nidulans have been compared with respect to enzyme activities, metabolite concentrations and polyol pools, and the differences found pointed to alterations in the fluxes through the central pathways upon deletion of the creA gene (van der Veen et al., 1995) .
In this work, we focused on the role of CreA in the physiological phenotype of A. nidulans through the quantification of the fluxes in the central carbon metabolism for different conditions of glucose repression. The fluxes were quantified through metabolic-flux analysis based on stationary carbon-isotope-labelling experiments using fractional enrichment data (for reviews on 13 C metabolic-flux analysis see Christensen & Nielsen, 2000b; Szyperski, 1998; Wiechert & de Graaf, 1996; Wiechert, 2001 ). Carbon-labelling experiments were performed with a reference strain and a derepressed mutant strain (creAD4), in batch mode, using labelled glucose as substrate. In addition, the mutant cells were grown on a mixture of labelled glucose and unlabelled xylose. The latter is also a strongly repressing carbon source (Ruijter & Visser, 1997) , although to a smaller extent than glucose. The study of the catabolism of xylose in the presence of glucose is relevant because both sugars are major components of lignocellulose (bulk of plant material), which represents an abundant and renewable carbon source, currently used in important industrial production processes (e.g. bioethanol) and with potential for utilization in the production of bulk chemicals. A metabolic model including all relevant biochemical conversions and transport processes, as well as the fate of the carbon atoms in the central carbon metabolism of A. nidulans, was derived from a metabolic reconstruction of the central carbon metabolism of A. niger (David et al., 2003) . Fractional enrichment data and measurements of extracellular rates, as well as information on the biomass composition of the fungus, were then combined with the metabolic model for identification of the network topology and estimation of the in vivo fluxes in the reference and mutant strains at the different growth conditions studied.
METHODS
Strains. The two strains used in this study were the reference strain A. nidulans A187 (pabaA1 ya2) (obtained from the Fungal Genetics Stock Center, Kansas City, Kansas 66160-7420, USA) and the mutant strain A. nidulans creAD4 (pabaA1 ya2 argB2) (kindly donated by Joan Kelly, Department of Genetics, University of Adelaide, Adelaide 5005, Australia), which results from partial deletion of the creA gene (Shroff et al., 1997 ) and xylose (2?5 g l 21 ). In the labelling experiments, [1-13 C]glucose was introduced into the bioreactor, whereas the xylose used was unlabelled. The labelling patterns of the substrates were chosen so that the methodology adopted (metabolic-flux analysis based on GC-MS) enabled the discrimination of the fluxes in the central metabolic pathways. 0?25 g CuSO 4 .5H 2 O and 0?05 g NiCl 2 .6H 2 O. Vitamin solution composition (per 100 ml): 100 mg each of the vitamins biotin, pyridoxin, thiamine, riboflavin, p-aminobenzoic acid (PABA) and nicotinic acid (http://www.fgsc.net/fgn48/Kaminskyj.htm). The spores were cultivated at 37 uC for 5-7 days and harvested by adding 10 ml 1 % Tween 80 in sterile water. The batch cultivations were inoculated with spores at a concentration of 10 5 -10 6 spores ml 21 .
Batch cultivations. Batch cultivations were carried out in two types of bioreactors. To determine the physiological characteristics of the strains, cultivations were performed in well-controlled baffled 1 l in-house-manufactured bioreactors with a working volume of 0?8 l. The bioreactors were equipped with two disc-turbine impellers rotating at 100 r.p.m. at the beginning of the cultivation. The pH was kept constant at 3?0 by automatic addition of 2 M NaOH and the temperature was maintained at 30 uC. Air was used for sparging the bioreactor at a constant flow rate of 0?05 VVM (volume of gas per volume of liquid per minute). These conditions were maintained until the spores started to germinate, in order to prevent their agglomeration and thereby encourage filamentous growth. After germination started, the pH was increased to 6?0, the aeration to 1 VVM and the stirring speed to 900 r.p.m. The carbon-labelling experiments were carried out in 400 ml bioreactors specially designed for the purpose with a working volume of 300 ml. The batch cultivations in these bioreactors were performed in the same way as in the 1 l bioreactors.
Cell mass determination. Cell dry weight was determined using nitrocellulose filters (pore size 0?45 mm, Gelman Sciences). The filters were pre-dried in a microwave oven at 150 W for 10 min and subsequently weighed. A known volume of cell culture was filtered and the residue was washed with distilled water and dried on the filter for 15 min in a microwave oven at 150 W. The filter was weighed again and the cell mass concentration was calculated.
Analysis of extracellular metabolites. Fermentation samples were immediately filtered through SPE cartridge Chromafix 400-C18 columns (Macherey-Nagel) and stored at 220 uC until analysis. Glucose, xylose, glycerol and ethanol concentrations were determined by HPLC analysis using an Aminex HPX-87H column (BioRad). The column was kept at 65 uC and eluted at 0?6 ml min 21 with 5 mM H 2 SO 4 . The compounds were detected refractometrically (Waters 410 Differential Refractometer). Xylitol, arabitol, erythritol, mannitol and galactitol concentrations were determined by high pH anion exchange chromatography (HPAEC) analysis using a CarboPac MA1 column (Dionex). The column was left at room temperature and eluted at 0?4 ml min 21 with high quality carbonate-free 612 mM NaOH (J. T. Baker). The eluent was degassed intensively with helium during 5 min before use. Detection of the polyols was performed by pulsed amperometric detection.
Analysis of total protein. The concentration of solubilized protein was measured by the Bio-Rad Protein Assay, which is based on the method of Bradford (1976) , using BSA as standard.
Analysis of fractional 13 C enrichments. Mycelia were harvested in the exponential growth phase, hydrolysed, derivatized and analysed by GC-MS for determination of labelling patterns of intracellular metabolites (glucose 6-phosphate and proteinogenic amino acids), according to Christensen & Nielsen (2000a) . Summed fractional labellings (SFLs) were determined as described elsewhere (Christensen & Nielsen, 2000a) . The consistency of the labelling measurements was evaluated through comparison of the SFLs of specific fragments obtained via different derivatization methods or different fragments of the same molecule resulting from a particular derivatization method. In general, the data were consistent, but inconsistencies were found for some fragments due to peak overlapping, tailing or broadening. In these cases, data were neglected in the analysis and flux calculations.
Computational methods. Quantification of metabolic fluxes was accomplished by combining isotope and metabolite balancing. The mathematical framework adopted was the one described by Wiechert & de Graaf (1997) and Christensen & Nielsen (2000a) , in which isotope balancing is carried out on a carbon atom basis, being based on fractional enrichments (fraction of labelled carbon atoms in a given position of a metabolite). In addition to a metabolic model (see Supplementary Table, available with the online version of this paper), the method makes use of measurements of extracellular rates (see Table 1 ) and fractional enrichment data of intracellular metabolites (see Table 2 ), as well as labelling patterns of substrates and biomass composition (see Table 3 ). For the sake of comparing different experiments, SFL data were normalized with respect to the amount of label entering the cells as substrate and the normalized values are presented in Table 2 . Experimental standard deviations were calculated and are shown along with SFL data; however, in the flux quantification, a standard deviation of at least 1 % 13 C-labelling was considered, whereas a standard deviation of 10 % was set for the fluxes. The metabolic fluxes were determined by an iterative process, in which an optimization method was used for minimizing the total deviation between measured and computed fractional enrichments and fluxes.
RESULTS

Physiological parameters
The reference strain and the creA-mutant strain were compared in aerobic batch cultivations using glucose as the sole carbon source (5 g l 21 ). Moreover, the creA deletion strain was grown on a mixture of glucose (2?5 g l
21
) and xylose (2?5 g l 21 ). For all cultivations, polyols were the only metabolites found to be excreted into the extracellular medium, namely mannitol, glycerol, erythritol and arabitol. In addition, xylitol was detected when a mixture of glucose and xylose was used as substrate. Physiological parameters for growth and metabolite production for the different cultivations performed are shown in Table 1 . Fig. 1 depicts the concentration profiles of substrate and biomass for the batch cultivations carried out in the 1 l reactors with the reference strain and the creA-mutant strain.
Qualitative analysis of labelling patterns
Carbon-labelling experiments were carried out using [1-
13
C]glucose as substrate for both the reference strain and the mutant strain in order to quantitatively determine the effect of deleting the creA gene on the flux distribution in the central carbon metabolism of A. nidulans. Moreover, a mixture of [1-
C]glucose and unlabelled xylose was used as substrate in a cultivation of the creA-mutant strain to investigate the catabolism of a less favourable carbon source (xylose) in the presence of glucose.
The flux distribution in the central metabolism determines the labelling patterns of central metabolites and hence one may gain an insight into the active pathways and the topology of the metabolic network through *Specific growth rates and biomass yields on substrate are calculated from data from cultivations performed in 1 l reactors using unlabelled substrates. The yield coefficients concerning polyols are determined from data from cultivations using labelled substrates (400 ml reactors). DParameters concerning cultivations on glucose are calculated based on mean values corresponding to two independent experiments. dThe uptake of glucose is about threefold the uptake of xylose, on a mass basis (data from 400 ml reactors). C]glucose and unlabelled xylose). For the calculations, a SD lower than 1 was considered to be 1, according to the method applied for measuring the labelling patterns (Christensen & Nielsen, 2000a the examination of summed fractional labelling (SFL) data. Table 2 summarizes the labelling patterns of several compounds measured by GC-MS for the different cultivations performed. These compounds correspond to fragments of building blocks (e.g. glucose 6-phosphate and proteinogenic amino acids) and the labelling patterns of the corresponding biosynthetic precursors may be deduced from the measured data by assuming biosynthetic routes for these building blocks and mapping their carbon skeletons to those of the precursors (see Table 2 ). Furthermore, with the aid of a model describing the carbon transitions involved in the conversion of substrates into precursor metabolites, it is possible to quantify the fluxes in the primary metabolism (Gombert et al., 2001) .
Metabolic model
The metabolic model used for flux quantification was a non-compartmentalized model based on the inspection of the labelling data and on a metabolic reconstruction of the central carbon metabolism of A. niger (David et al., 2003) . The model included information on the stoichiometry and carbon transitions of reactions participating in the major central pathways, namely the Embden-Meyerhof-Parnas (EMP) pathway, the pentose phosphate (PP) pathway, the tricarboxylic acid (TCA) cycle and anaplerotic reactions, as well as the uptake of sugars (glucose and xylose), and anabolism of polyols and of specific amino acids. In total, 43 reactions and 19 intracellular (or rather, balanced) DThis fraction contains ash and metabolites. dWithout considering ash and metabolites. §Biomass composition of A. oryzae, for growth on glucose and ammonia, and for a specific growth rate of 0?17 h 21 (Pedersen et al., 1999) .
||Biomass composition of A. oryzae, for growth on glucose and ammonia, and for a specific growth rate of 0?1 h 21 (Pedersen et al., 1999) . metabolites were included in the metabolic model (see Supplementary Table, available with the online version of this paper).
DISCUSSION
Carbon-labelling experiments
Carbon-labelling experiments should preferably be performed in continuous mode as metabolic stationarity is a necessary condition for metabolic-flux analysis (Wiechert et al., 2001) . However, in the exponential phase of batch cultivations, the growth is balanced and hence it can be considered that the internal metabolites are in pseudosteady state, and the use of batch cultures has recently been employed with success for analysis of various yeast (Raghevendran et al., 2004) , Escherichia coli (Fischer & Sauer, 2003) and Bacillus subtilis mutants (Zamboni & Sauer, 2003) . A potential pitfall associated with the analysis of different mutants in batch cultures is that the mutants may exhibit different maximum specific growth rates, and during unlimited growth in a batch culture the metabolic response is therefore likely to be a function not only of the mutation but also of the variation in the specific growth rate. However, because the basic objective of metabolic profiling is to map all the effects of a specific mutation (or a variation in medium composition), both direct and indirect, the use of batch cultures is well suited. In addition, for the analysis of filamentous fungi, batch cultures are preferred to continuous cultures, which are inherently difficult to conduct with these organisms. In particular with A. nidulans, continuous cultures are complicated to operate due to the occurrence of wall growth, sporulation and pellet formation. These problems may also occur in batch mode, but they can be overcome partially by harvesting the cells for subsequent analysis at an early stage of growth. In the light of these observations, we chose an experimental strategy where metabolic-flux analysis was based on batch experiments.
Conditions of glucose repression
It has been recently reported that CreA-mediated glucose repression in A. nidulans is a function of the specific growth rate (Ilyés et al., 2004) . The study involved the measurement of the activity of b-galactosidase, which is repressed by glucose, at different dilution rates in glucose-limited chemostat cultures of both a reference and a creA-deleted mutant. It was found that for specific growth rates of 0?068 h 21 or higher, glucose exerts repression on the synthesis of key enzymes, whereas for a specific growth rate of 0?015 h 21 , glucose derepression occurs under the growth conditions considered. In our study, the cells were analysed in the exponential phase while growing at their maximal specific growth rates (0?11 h 21 for reference and 0?25 h 21 for mutant), which are well above the critical, derepressing growth rate, and hence repressing conditions were assured for the study.
Physiological parameters and metabolism of polyols
As can be seen in Table 1 , although the mutant strain grew much slower on glucose than the reference strain, deletion of the creA gene did not have any significant effect on the biomass yield on glucose, since the specific glucose uptake rate of the mutant was lower than the one of the reference strain (1?4 vs 2?9 mmol (g dry wt) 21 h 21 , respectively). On the other hand, larger amounts of polyols in the extracellular medium of the mutant cells reflected higher yields of polyols on glucose. Furthermore, the specific growth rate and the biomass yield of the mutant strain were the same when the cells were grown on glucose or on a mixture of glucose and xylose, but a higher yield of polyols was observed for growth on the sugar mixture (on a mass basis as well as on a carbon basis). When the mutant was grown on the mixture of glucose and xylose, it was observed that both sugars were taken up from the medium simultaneously, but glucose was consumed at a specific rate that was threefold that of xylose. Earlier it was reported that, when a reference strain was grown on a mixture of glucose and xylose, there was a sequential utilization of the two sugars (the xylose was only catabolized after the glucose had been depleted) (Prathumpai et al., 2004) , and for that reason the cultivation of the reference strain on the sugar mixture was not pertinent to our study.
The patterns of polyol secretion during growth on glucose differed between the reference strain and the creA-mutant strain. The major polyol excreted by the reference strain was glycerol, followed by erythritol and mannitol, and only very small amounts of arabitol were detected in the extracellular medium (Table 1) . Conversely, the mutant strain excreted predominantly erythritol and, to a smaller extent, glycerol and arabitol. Low levels of mannitol were produced by the mutant strain. Deletion of the creA gene resulted in an increase (of 62 %, on a carbon basis) in the total yield of polyols secreted into the extracellular medium during growth on glucose. The yields of arabitol and erythritol on glucose underwent significant increases (21-fold and 11-fold, respectively) and the mannitol yield increased 60 %, whereas glycerol secretion dropped about 80 %.
The increase in polyol secretion in the creA strain was consistent with a previous study by van der Veen et al. (1995) . However, they reported that mannitol was the major polyol excreted by both the reference and a strain analogous to our creA strain (creA d -30). Moreover, they found a larger increase (about sixfold) in the level of extracellular polyols, including glycerol, upon mutation of the creA gene. These discrepancies might be explained by differences in the cultivation conditions (such as pH and oxygenation rate). In this work, experiments were carried out in well-controlled bioreactors, where the pH was kept constant through the addition of base, whereas in the above-mentioned study the strains were grown in shake-flasks, without pH control. Furthermore, in our study all samples were taken in the exponential phase, whereas van der Veen et al. (1995) took samples after a fixed time of cultivation of both strains (corresponding to different growth phases due to different specific growth rates).
When the creA mutant was grown on a mixture of glucose and xylose, the main polyol excreted was erythritol, followed by arabitol, mannitol and glycerol. Small amounts of xylitol were also detected in the extracellular medium. Comparison of the mutant strain on glucose and on the mixture of glucose and xylose revealed that on the latter there was an increase in the secretion of polyols (of about 60 %, on a carbon basis), which was more significant for mannitol (fivefold) and arabitol (threefold), whereas the yields of erythritol and glycerol were affected to a lesser extent (increases of 27 % and 10 %, respectively).
Polyols are synthesized and accumulate inside the cell, and eventually are secreted into the extracellular medium if not re-utilized by the cell. Reconsumption of polyols requires that the enzymes participating in their catabolic pathways are active, and typically these enzymes are subject to two forms of regulation, namely specific induction and carbon repression (Arst & Bailey, 1977) . In particular, the enzymes involved in catabolism of glycerol (glycerol kinase and FAD-dependent glycerol-3-phosphate dehydrogenase) are induced by glycerol and dihydroxyacetone, but are also under carbon repression control mediated by the creA gene. Therefore, under repressing conditions, as in the case of the reference cells, it is expected that the intracellular pool of glycerol is not reconsumed to the same extent as in the mutant cells, and that accumulation of this polyol inside the cell leads ultimately to its secretion into the extracellular medium. This observation is in accordance with the decrease verified in the amount of glycerol excreted upon deletion of the creA gene. The major pathway for biosynthesis of glycerol in A. nidulans involves a dihydroxyacetone-phosphate phosphatase and a constitutive NADP + -dependent glycerol dehydrogenase. Under derepressing conditions, a second NADP + -dependent glycerol dehydrogenase is active, which has broader substrate specificity, contributing also to the formation of mannitol and erythritol. The enzymes participating in the catabolic pathway of mannitol (NADP + -dependent mannitol dehydrogenase and hexokinase or fructokinase) are not subject to significant carbon repression (Singh et al., 1988) . In these conditions, it is expected that, when the creA gene is deleted, mannitol accumulates inside the cells owing to the activity of the second NADP + -dependent glycerol dehydrogenase, and eventually this polyol is secreted, resulting in a higher extracellular pool in the cultivation medium of the mutant cells.
Qualitative analysis of labelling patterns
The structure of the metabolic network, as well as the activity of some reactions and pathways, was partially deduced from direct inspection of the labelling data (shown in Table 2 ) as follows.
Glucose 6-phosphate branchpoint. Glucose 6-phosphate (G6P) represents an important branchpoint for flux distribution, since it is the common intermediate of the Embden-Meyerhof-Parnas (EMP) pathway, the pentose phosphate (PP) pathway and the biosynthesis of cell wall components. When [1-
13 C]glucose is used as substrate, the label of glucose 6-phosphate (which corresponds to the SFL of the fragment Glc331) provides information on the flux through the PP pathway. In fact, in the oxidative part of this pathway there is loss of label when the first carbon of glucose 6-phosphate is converted into CO 2 , which causes a higher dilution of the label in the first atom of the hexose phosphate, due to the high reversibility of the reaction converting glucose 6-phosphate into fructose 6-phosphate. Thereby, in principle, a low SFL of glucose-6 phosphate indicates a high flux through the oxidative part of the PP pathway, and vice versa. However, the flux in the oxidative part of the PP pathway may be underestimated owing to the high reversibility of the nonoxidative part of this pathway, which opens the possibility for all positions in glucose 6-phosphate to become labelled. This leads to a decrease in the amount of label lost in the form of CO 2 and subsequently to an increase in the SFL of glucose 6-phosphate. Comparing the SFL of the fragment Glc331 of the reference strain (86?96 % after normalization considering the input of label, see Table 2 ) with the one of the mutant strain (93?33 %), grown on 100 % [1-
13
C]glucose, it can be deduced that the flux through the oxidative part of the PP pathway decreased upon deletion of the creA gene. When the mutant was grown on a mixture of [1-
13 C]glucose and unlabelled xylose, the SFL of the fragment Glc331 (86?61 %) was lower than for growth on glucose alone, which indicates that this pathway was more active when the pentose was present in the medium. The changes in the activity of the oxidative branch of the PP pathway were also manifested in changes in the SFLs of the fragments Ser132 [which corresponds to the SFL of G3P(2,3)] and Ala99 or Ala116 [which correspond to the SFL of PYR(2,3)], which are inversely correlated to the changes in the activity of this pathway. In fact, as can be observed in Table 2 , deletion of the creA gene led to an increase in the SFLs of the fragments Ser132 (26?94 % for the mutant vs 24?64 % for the reference), Ala99 (28?77 vs 25?67 %) and Ala116 (30?53 vs 27?24 %). On the other hand, addition of xylose to the growth medium of the creA-mutant cells led to a decrease in the SFLs of these fragments (Ser132, 22?61 % for growth on the sugar mixture vs 26?94 % for growth on glucose; Ala99, 21?43 vs 28?77 %; and Ala116, 23?42 vs 30?53 %).
Pyruvate branchpoint. In A. nidulans, pyruvate (PYR) may be derived from phosphoenolpyruvate (PEP) or from malate in the reactions catalysed by the enzymes pyruvate kinase and malic enzyme, respectively (Hondmann & Visser, 1994) . In the former reaction, the three carbon atoms of phosphoenolpyruvate give rise to the three carbon atoms of the pyruvate molecule, without interchange of positions; in the latter reaction, the three carbon atoms of pyruvate are derived from the first three carbon atoms of malate, whereas the fourth carbon atom of malate is released in the form of CO 2 . In turn, the carbon atoms of malate correspond to the ones in oxaloacetate (OAA) (without change of positions) due to interconversion of these two metabolites in the reaction catalysed by malate dehydrogenase (Hondmann & Visser, 1994) . For the cultivations using [1-
13 C]glucose as substrate, the SFLs of the fragment Phe143 [corresponding to PEP(1,2)] were lower than the SFLs of the fragment Val143 [corresponding to PYR(1,2)], whereas the SFLs of the fragment Thr175 [corresponding to OAA(1,2)] were higher (see Table 2 ). These observations indicate that both of the above-mentioned reactions were active under the conditions considered, and hence both pyruvate kinase and malic enzyme were included in the model.
Oxaloacetate branchpoint. During growth on glucose, oxaloacetate may originate from pyruvate in the anaplerotic reaction catalysed by the cytosolic enzyme pyruvate carboxylase (Osmani & Scrutton, 1983) , as well as from malate in the reaction catalysed by malate dehydrogenase (both cytosolic and mitochondrial), as described previously. Assuming that pyruvate is only derived from phosphoenolpyruvate and that oxaloacetate is formed in the reaction catalysed by pyruvate carboxylase, in principle, it is expected that the second carbon atom of both pyruvate and oxaloacetate (fragment Asp115) is naturally labelled (1?1 %), if [1-
13 C] glucose is used as substrate. On the other hand, if oxaloacetate is formed in the reaction catalysed by malate dehydrogenase, the second carbon atom of this compound derives either from the third or the fourth carbon atom of 2-oxoglutarate (owing to scrambling due to the symmetry of the intermediates of TCA cycle succinate and fumarate), which in turn derives from oxaloacetate and acetyl coenzyme A. Thus, if the TCA cycle is active, the second carbon atom of oxaloacetate has a higher fractional labelling than the natural labelling. Similarly, a higher label in the second carbon atom of cytosolic oxaloacetate is to be expected if it is formed from citrate in the reaction catalysed by ATP:citrate lyase (Adams et al., 1997) .
From the data presented in Table 2 , it can be seen that the SFL of fragment Asp115 was higher for the creA mutant than for the reference strain (15?28 % and 11?36 %, respectively), during growth on glucose, which might indicate that the TCA cycle was more active in the former cells. When xylose was added to the growth medium, the flux through the TCA cycle decreased, which was suggested by a lower label in the second carbon atom of oxaloacetate (SFL of fragment Asp115 equal to 12?08 % for growth on the mixture).
Metabolic model
The metabolic model used for quantification of the fluxes is shown in Supplementary Table (available with the online version of this paper). More elaborate models were considered, but no significant improvement was achieved concerning the total deviation between experimental and computed results.
To describe growth, biomass production was regarded as a drain of biosynthetic precursors required to produce cellular components. The demands on each of these metabolites were estimated based on the biomass composition. In order to account for the effect of the specific growth rate on biomass composition, the cellular compositions considered for the reference and mutant strains of A. nidulans were based on the contents of the main biomass components of A. oryzae determined by Pedersen et al. (1999) , for two different specific growth rates (see Table 3 ). It has been reported that deletion of the creA gene has a significant effect on the morphology of A. nidulans, which may be associated with a change in the cellular composition of the fungus. In all cultivations, dispersed mycelial growth was observed; however, the creA-mutant cells exhibited hyperbranching and increased hyphae diameter compared to the reference cells (data not shown). Moreover, it was observed that the cell wall content and its composition did not have an influence on the morphology, and it was hypothesized that the differences in morphology were most likely attributable to differences in the contents of polyols and lipids (data not shown). Therefore, simulations were performed considering different cellular compositions for the mutant strain, namely concerning polyols and lipids, in order to evaluate the sensitivity of the flux distribution to perturbations in biomass composition. Changes of 50 % in the contents of polyols and lipids did not lead to significant alterations in the fluxes, which differed by at most 9 % from the one based on the cell composition of A. oryzae. Hence, it was concluded that possible variations in the biomass composition have a small effect on the overall differences in the metabolic fluxes between the mutant and the reference strains.
In addition, as deletion of the creA gene is likely to lead to higher production of proteins, the effect of changing the protein content of biomass on the flux distribution was also assessed. The simulations showed that a twofold increase of the protein content would cause only minor changes on the fluxes in the central pathways (maximum of 8 %). The extracellular protein pool (unknown composition) of the creA strain was measured and it represented less than 4 % of the intracellular protein pool (as observed for the reference strain) and therefore its potential influence was regarded as minor.
Quantification of metabolic fluxes
Once all relevant metabolic pathways of the central carbon metabolism of A. nidulans were identified, quantification of metabolic fluxes was accomplished by employing the framework of metabolite and isotope balancing, as described above in Computational methods.
The net flux distributions computed for the reference cells and the creA-mutant cells grown in batch cultivation using glucose as the sole carbon source are shown in Fig. 2 . The values presented are normalized with respect to the uptake of carbon, for the sake of comparison of the flux distributions. Thereby, the effect of the specific growth rate is eliminated in absolute terms, but the difference between the relative flux distributions may still be a function of the difference in specific growth rates. The major changes observed in the central carbon metabolism of the mutant compared with the reference strain corresponded to the activity of the oxidative part of the PP pathway, which decreased by about 20 %, while the activities of the EMP pathway and the TCA cycle underwent an increase of about 10 %.
Flux maps describing the growth of creA-mutant cells on different carbon sources, namely on glucose and on the mixture of glucose and xylose (see Fig. 3 ) were compared. It was observed that when xylose was added to the medium there was an increase (of about 40 %) in the flux through the oxidative part of the PP pathway, as well as a drop in the fluxes through the EMP pathway and the TCA cycle (in the range of 20-30 %, in both cases).
It is difficult to draw solid conclusions concerning the fluxes through the anaplerotic reaction catalysed by pyruvate carboxylase and the reaction catalysed by malic enzyme, as these reactions were lumped together with the reaction catalysed by malate dehydrogenase in the model (resulting in a reversible reaction that involved the interconversion of pyruvate and oxaloacetate). However, through the approach adopted herein, it was possible to quantify both the forward and the backward fluxes in reversible reactions and thus gain some insight into the activity of the enzymes involved in this lumped reaction. If the forward flux through this lumped reaction is greater than the backward flux, it can be speculated that changes in the forward flux have an effect essentially on the activity of pyruvate carboxylase (and hence consumption of ATP), whereas changes in the backward flux affect mainly the activities of malic enzyme and malate dehydrogenase (and the conversion of NADH to NADPH). Therefore, the drop of about 10 % observed in the forward flux through this lumped reaction, upon deletion of the creA gene, may be an indication of decreased activity of the enzyme pyruvate carboxylase in the mutant strain. On the other hand, the backward flux through the lumped reaction remained approximately the same, which may indicate that the fluxes through malic enzyme and malate dehydrogenase did not change significantly. When xylose was added to the growth medium of the mutant strain, the forward flux through the lumped reaction (and the activity of pyruvate carboxylase) was not affected, whereas the backward flux (and the combined activities of malic enzyme and malate dehydrogenase) was subject to a decrease of 30 %.
Metabolic changes
The model proposed for the central carbon metabolism of A. nidulans and used for flux quantification comprised fueling reactions involved in the main catabolic pathways for the degradation of hexoses and pentoses. The major purposes of these fueling reactions are the generation of Gibbs free energy (in the form of ATP) and reducing power (in the form of NADPH), as well as the supply of biosynthetic precursors, which are required for biosynthesis of biomass. NADH is also produced in the fueling reactions, and is subsequently converted into ATP by oxidative phosphorylation or regenerated by substrate level phosphorylation (fermentation). Consequently, changes in the fluxes of these fueling reactions are manifested in alterations in the production of cofactors. The modifications observed in the flux distributions in the primary metabolism of A. nidulans were interpreted in terms of cofactor balancing.
Effect of a genetic change on the flux distribution: deletion of the creA gene. Concerning the changes in cofactor generation when the mutant cells were compared to the reference cells for growth on glucose there seemed to be a decrease in the supply of NADPH, as well as an increase in the generation of NADH and ATP. In fact, the drop in the flux through the oxidative part of the PP pathway corresponds to a decrease in the supply of NADPH, while the increase in the activity of the EMP pathway results in the generation of additional ATP and NADH. The increased activity of the TCA cycle may have different effects on the recycling of cofactors depending on the cofactor (NADH or NADPH) used by isocitrate dehydrogenase in the conversion of isocitrate into 2-oxoglutarate. It has been reported that isocitrate dehydrogenase is subject to carbon repression in A. nidulans (Kelly, 1994) . The flux through malic enzyme, which represents another source of NADPH, did not seem to be affected by the deletion of the creA gene, as mentioned above. Earlier reports state that the synthesis of malic enzyme appears to be relatively weakly regulated by carbon repression, and that induction is the major regulatory mechanism (Kelly & Hynes, 1981) . Expression studies performed with reference cells of A. nidulans showed that the genes encoding some enzymes participating in the TCA cycle, namely aconitase and malate dehydrogenase, were down-regulated following the addition of glucose to a growth medium containing ethanol, a derepressing carbon source (Sims et al., 2004) .
The increase in the activities of the EMP pathway and the TCA cycle may be explained in part in the light of the higher demand for ATP of the mutant strain. In fact, deletion of the creA gene leads to the derepression of genes involved in the catabolic pathways of carbon sources other than glucose, which may result in the emergence of futile cycles. For example, it has been reported that certain genes encoding enzymes unique to gluconeogenesis, such as fructose 1,6-bisphosphatase (acuG) and phosphoenolpyruvate carboxykinase (acuF), which are active in the catabolism of acetate or ethanol, are repressed by glucose to prevent the simultaneous activity of glycolysis and gluconeogenesis, and hence futile cycling (Sims et al., 2004) . Other cycles, such as the mannitol cycle, whose net result is the generation of NADPH at the expense of NADH and ATP, may also arise in the creA-mutant strain, which allow the cells to meet their extra requirements for NADPH due to, for instance, a higher production of enzymes involved in the catabolic pathways of alternative carbon sources.
On the other hand, the changes observed in the relative flux distributions upon deletion of the creA gene are also the outcome of a decreased maximal specific growth rate (and thus decreased demand for NADPH for biosynthetic purposes).
Effect of an environmental change on the flux distribution: addition of xylose to the medium. Similarly, the changes in the central metabolism observed when xylose was added to the growth medium of the creAmutant cells were accompanied by changes in the production of cofactors, namely there seemed to be an increase in the supply of NADPH, as well as a decrease in the generation of NADH and ATP. The catabolism of xylose includes the NADPH-dependent reduction of the pentose to xylitol and the NAD + -dependent oxidation of the polyol to xylulose, which is subsequently phosphorylated to xylulose 5-phosphate, an intermediate of the PP pathway. Hence, when xylose was used as carbon source, the demand for NADPH increased and additional NADH was generated, compared to the catabolism of glucose. These changes may partially explain the ones observed in the production of cofactors in the fueling reactions. Indeed, when cells were grown on the mixture of glucose and xylose, the extra requirement for NADPH seemed to be met by an increased flux through the PP pathway, while the lower activity of the EMP pathway and the TCA cycle might be related to the extra generation of NADH in the catabolism of xylose.
Conclusions
In conclusion, we have performed the phenotypic characterization of A. nidulans for different (genetic and environmental) conditions of CreA-mediated glucose repression through in vivo metabolic-flux analysis. This enabled the global mapping of how the carbon repressor CreA influences the central metabolism of A. nidulans. The derepression of key pathways (e.g. the catabolism of glycerol, which leads to the onset of futile cycles, or the catabolism of xylose, which leads to alterations in the demands for cofactors) imposes changes in the central metabolism due to the coupling of the many different reactions, via the redox and energy metabolism of the cells.
